Deformation analysis of shearing process is carried out by using finite element method (FEM). Gurson-Tvergaard-Needlman (GTN) model is applied as a fracture criterion because ductile fracture behavior is a dominant factor in shearing process. Ductile fracture involves micro void nucleation, growth and coalescence of voids. To predict void nucleation in FEM analysis, a void nucleation critical strain model is proposed. Furthermore a notched round bar tension test using image analysis is proposed for deciding material properties relating ductile fracture. Gradual changes in the necking shape and tensile load are measured by using the test. From the results, strain and stress history at the necking section of tensile specimen and relationship between stress triaxiality and microvoid nucleation are obtained. Additionally, obtained damage parameters are introduced to the deformation analysis of shearing process and the results are compared with the experimental result.
Introduction
Shearing process is used to cut off material by using punch, die and blank holder. This process is widely applied to make the billet in forging and electronic terminal parts and so on. Sheared surface has smooth area (sheared surface) which is made by metal flow in punch-die clearance, rough area (fracture surface) which is appeared by crack initiation and propagation at the tip of punch and die, burr and shear drop. These shape factors affect precision and quality of products, thus some researchers investigated the influence of process conditions on the shape of sheared surface. 1, 2) Over the past few years, several studies have been performed on deformation analysis of shearing process using finite element method (FEM), because the technology of CAE (Computer Aided Engineering) and computer performance has been progressed. [3] [4] [5] On the shearing process, separation of material is completed by ductile crack connection which is generated at the tip of punch and die. Because sheared part shape is affected by the ductile fracture behavior, crack generation and propagation, optimum fracture criterion has to be used in FE analysis of shearing process.
Ductile fracture involves micro void nucleation, growth and coalescence of voids. Micro voids appears on the inclusion-matrix boundary, grain boundary and in grain. Next, they grow with large plastic deformation of matrix material, and coalesce into macroscopic crack. In shearing process, sheared surface shape is affected this ductile crack behavior, and it has to be simulated in FE analysis using optimum ductile fracture criterion. In this study, GursonTvergaard-Needlman model (GTN model) is applied to analysis of shearing process as a fracture criterion because this model express above micro voids behavior. There are some researches in which GTN model is applied to FE analysis of shearing process and the results show that GTN model is available for shearing analysis. [6] [7] [8] There are several material properties in GTN model and void nucleation critical strain is one of them. This parameter means that void nucleation is occurring when material strain reaches void nucleation critical strain. In the past studies, void nucleation critical strain is treated as a constant material value. However, it is known that stress state affects the nucleation and growth of micro voids. 9) In this study, new void nucleation critical strain model is proposed. In this model, void nucleation critical strain is expressed by a function of stress triaxiality and it is necessary to obtain the relationship between the stress triaxiality and void nucleation strain from some kind of material tests. For the purpose, notched round bar tension test using image analysis was developed and carried out. In this test, the specimen which has a circumferential notch was tensile and its notch curvature radius change was captured by CCD camera from the start of the test until material fracture continuously. It is possible to obtain a history of stress triaxiality and equivalent strain in notch center of specimen using the image analysis result of the notch shape change. From the results, material properties relating ductile fracture in the void nucleation critical strain model and GTN model were determined and introduced FE code we designed. Deformation analysis of shearing process is performed, and its accuracy is evaluated comparing experimental result. In this consideration, reliability and availability of proposed models are also investigated.
Damage Progress Model
The damage process by nucleation, growth and coalescence of micro voids progresses inside of the ductile materials under large plastic deformation. Figure 1 shows schematic diagram of ductile fracture. Gurson suggested that the micro voids in ductile material were idealized as a void in a rigid plastic cell and that the void volume fraction of the cell was equal to that of the ductile material.
10) The cell was idealized as a long cylinder and a sphere that had a concentric same shape void in it, respectively. Rigid plastic finite element analysis was performed and the yield criterion was obtained. In this study the failure process is represented this model in modified form as given by Tvergaard and Needleman. 11, 12) The void volume fraction f was used to judge fracture initiation. When this value reached critical value f f , the material point was regarded as the fracture point. The void volume fraction f is calculated at stress estimation points in finite elements. Triangle quadratic element is used in the analysis and there are four stress estimation points in an element. When this method is used, it is necessary to model the void nucleation, growth and coalescence. The change of void volume fraction is expressed by void volume rate. The void volume rate depends on growth of initial micro void and nucleation of new void. The void volume rate _ f f is expressed by eq. (1)
where each dot denotes the partial differentiation with respect to time. For the nucleation term, it is assumed that void nucleation is controlled by a plastic strain 11, 12) and the function was chosen as
where _ " " M denotes the equivalent plastic strain rate of the matrix material and f N , s N is material parameter describing the nucleation of voids. " N is void nucleation critical strain. Void growth term is expressed by eq. (4)
where _ " " v means volumetric strain rate. Prior to the analysis of shearing process, it is necessary to determine these material properties in above equations.
Experimental Method

Void nucleation critical strain model
It is known that stress triaxiality affects the nucleation and growth of voids.
9) The void nucleation occurs at high stress triaxiality field on the inclusion-matrix boundary, grain boundary and in grains. Therefore it is important that stress triaxiality is considered when ductile fracture is predicted. Hancock and Mackenzie expanded Rice and Tracy's model 13) of micro void nucleation into general elastic-plastic problem. 14) They expressed fracture equivalent strain using the function of stress triaxiality. Similarly, we assume that the void nucleation strain can be expressed by stress triaxiality by following eq. (5)
where m = eq is stress triaxiality, m and eq are mean stress and equivalent stress, respectively. A and B are material characteristic values, and they must be determined from some material test.
Notched round bar tension test
To determine void nucleation parameters A and B in eq. (5), the relationship between stress state and void volume fraction of material have to be obtained from some kind of material test. In general tension test, stress component can't be estimated after occurrence of necking because stress state in the necking is multi-axial state. To obtain stress and strain change history after necking, notched round bar tension test using image analysis was carried out in this study. In this test, we used circumferentially-notched round bar tensile specimens and captured notch shape change. The images were taken into a PC to measure minimum diameter and notched curvature radius. In order to obtain various stress components at the center of necking, stress estimation using Bridgman's equation 15) was conducted. According to Bridgman's equation, they are expressed by the following equation
where r , and z are radius, hoop and tensile direction stress, respectively. F is flow stress, d and R are necking diameter and necking curvature radius. r is distance from the center axis as shown in Fig. 2 . It is clear that z is the maximum principal stress. There is a relation between average tensile stress za and tensile load P,
Thus, if the change in the necking shape and load are measured, all stress components are calculated by (7) . Equivalent strain is expressed as the following, T. Ishiguro, Y. Yoshida, N. Yukawa and T. Ishikawa
where d 0 is the initial diameter of necking. Figure 3 shows the shape of specimens used in the test. Material used in this research was cold rolled low carbon steel (SPCC, JIS) for the tensile test and shearing experiment. Chemical composition is shown in Table 1 .
3.3 Determination of void nucleation critical strain curve Some specimens with different strain level were prepared by tension test, and void volume fraction is measured to obtain a void nucleation critical strain. These specimens were cut at necking point and the surfaces of cross sectional area were polished, and the cross sections were observed by optical microscope. The captured images were converted into monochrome images, void and matrix material area was transformed into black and white area on the image respectively, and void volume fraction was measured by image analysis. Figures 4(a), 4(b) show the example of captured image by optical microscope and converted image respectively. Figure 5 shows the relationship between equivalent strain and void volume fraction in the case of initial notched curvature radius is R 0 ¼ 20:0 mm, the ratio of void volume fraction change becomes a maximum when the equivalent strain is 0.04. In this study, this value is made to be the void nucleation critical strain " N in the case of the R 0 ¼ 20:0 mm. Void nucleation critical strain was predicted by Beremin's criterion 16) in the case of R 0 ¼ 3:0 and 1.0 mm. It is known that the effect of heterogeneity of plastic deformation on interface between inclusion and matrix is directly related to eq À y . Beremin suggested the following equation,
where max and y are the maximum principal stress and yield stress respectively. This condition was applied to each notched specimen. Threshold value d is calculated from the stress history until equivalent strain reached void nucleation critical strain in the case of R 0 ¼ 20:0 mm. In the other initial notch radius cases, we assumed that void nucleation critical strain is estimated by the strain when left side of eq. (10) approaches the threshold value d . Void nucleation critical strain values were plotted relating stress triaxiality and these were used for curve fitting approximated by eq. (5) (Fig. 6) . In this way, void nucleation critical strain curve was expressed by following eq. (11) was obtained and was shown in Fig. 6 . 
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Experiment of shearing process
The experiment of shearing process was carried out at room temperature by using hydraulic press. Target material was SPCC which radius was a ¼ 10:0 mm. Disk plate for shearing experiment was cut off from the bar by wire cutting, its thickness was t ¼ 1:2 mm. Blanking punch radius was x ¼ 2:0 and 8.0 mm, and the clearance between punch and die was C ¼ 0:03, 0.06, 0.09 and 0.12 mm (2.5, 5.0, 7.5 and 10%t respectively). Sheared surface length and burr height of blanked disk was measured by using laser microscope VK-8500 made by KEYENCE. For the purpose of crack propagation observation, the punch penetration was stopped at various stroke lengths through shearing. The specimens were cut and observed in the cross section by laser microscope, and crack initiation timing and location, and crack length change was measured.
Deformation Analysis
FE analysis of notched round bar tension test
Void nucleation critical strain " N was obtained from notched round bar tension test. However, other damage parameters in eq. (3) were needed to perform deformation analysis of shearing process considering ductile fracture. The analysis of notched round bar tension test in the case of R 0 ¼ 1:0, 3.0 and 20.0 mm was carried out as an axisymmetric problem changing the damage parameters in trial-anderror adjustment so that the stress-strain curve and final fracture strain coincide between analytical results and experimental results. From these results, damage parameters were obtained as shown in Table 2 .
FE analysis of shearing process
The deformation analysis of axisymmetric shearing process was carried out by using the rigid plastic finite element code we designed. 17) Figure 7 shows initial condition of shearing analysis. The process condition is same as the experimental condition. The shape of the tool edge was described using an arc which radius is p ¼ 50:0 mm. This value was based on actual tool edge radius measured by laser microscope. Frictional condition is based on Coulomb's friction law. Friction coefficient is determined as ¼ 0:2 corresponding of blanking force between analysis result and experimental result. 
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T. Ishiguro, Y. Yoshida, N. Yukawa and T. Ishikawa penetration ratio which is ratio of punch stroke to plate thickness. In this study, the crack shape is expressed by the shape of the region in which the void volume fraction exceeds critical value f f ¼ 0:12 in post processor, without the elements elimination method or node separation method. Figure 9 shows the example of crack shape predicted in the analysis. The analysis result is displayed on post processer and burr height and sheared surface length is measured as shown in Fig. 10 . Figure 11 shows comparison of sheared surface length between experimental and analytical results. Sheared surface length decreases with increase of clearance in the both results. There are some difference between the value of experiment and analysis because experimental result is average value of measurement point. However, the difference of value is less than 20%t. This means that sheared surface length are predicted qualitatively and quantitatively by FE analysis applied GTN model and void nucleation critical strain model. Figure 12 shows relationship between clearance and burr height in the case of punch radius x ¼ 2:0 and 8.0 mm. Burr height increases with increase of clearance in both results. There is qualitatively and quantitatively agreement between result of experiment and analysis. Figure 13 shows progress of crack length at the tip of die in the case of punch radius x ¼ 2:0 mm. Crack initiation delays with decrease of clearance, as a result sheared surface length increases with decrease of clearance, because the sheared surface length depends on timing of crack initiation. Especially, in the case of C ¼ 2:5%t, the ratio of crack propagation is slow after punch penetration 60%t, because compressive stress field is distributed in the narrow clearance and ductile fracture initiation is withheld. This phenomenon is also important to consider genesis of secondly sheared surface. Figure 14 shows the distribution of stress triaxiality in the case of punch radius x ¼ 2:0 mm. The maximum value of stress triaxiality increases with increase of clearance. Around the punch edge, the maximum stress triaxiality point goes away from the punch edge and is extensive, as the clearance increases. As a result, genesis location of crack goes away from punch edge and burr height increases in the case of C ¼ 10:0%t. Figure 15 shows the influence of punch radius on sheared surface length in experimental result. In each condition of clearance, sheared surface length increases with increase of punch radius. Figures 16(a) , 16(b) shows stress triaxiality distribution in the case of punch radius x ¼ 2:0 and 8.0 mm respectively and clearance is C ¼ 10%t in the both cases. Figure 17 is expanded figure around die edge. The value of stress triaxiality around lateral side of die decreases with increase of punch radius. Negative value of stress triaxiality means compression stress state. In this study, the counter punch does not exist, and deflection of specimen occurs on the opposite side of the punch. The amount of the deflection increases with increasing of punch radius and bending moment also increases. As a result, in the case of x ¼ 8:0 mm, high compressive stress state is distributed and crack initiation delays. Therefore sheared surface length increases with increase of punch radius.
Results and Discussion
Conclusion
The analysis of shearing process applied GTN model and void nucleation critical strain model was carried out. Material parameters in void nucleation critical strain model were determined by notched round bar tension test. By using this method, the shearing behavior after the crack initiation was successfully simulated. The influences of clearance and punch radius on burr height and sheared surface length were discussed considering stress triaxiality around punch or die. 
